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ABSTRACT

Author: Karmarkar, Sushrut, R. MSAAE
Institution: Purdue University
Degree Received: August 2018
Title: Extrusion Deposition Additive Manufacturing for High Temperature Tooling
Major Professor: R. Byron Pipes

The Extrusion Deposition Additive Manufacturing (EDAM) process finds a prominent application
for composite tooling and prototyping. Estimation of tool deformation and tool shape
compensation is essential in designing tools for composite parts manufactured with autoclave and
oven cure cycles at high temperatures. Tool shape compensation is a challenge in additively
manufactured tool due to the inherent anisotropy of the material and printing parameters based
properties of the tool. The simulation tools developed by the Additive Manufacturing Group for
the Composite Additive Manufacturing Research Instrument (CAMRI) at Purdue University were
used to design the tool shape for the step section of the inner pixel detector service cylinder
geometry for the CMS phase II upgrade for the Large Hadron Collider at CERN. The effect of tool
compensation on the composite part geometry are studied using surface scanning techniques. The
additive manufacturing simulation model is based on a thermoviscoelastic material description for
semi-crystalline carbon fiber reinforced Polyphenylene sulfide (PPS) to predict the final part
deformation and the residual stresses in the printed parts. The coefficient of thermal expansion and
crystallization shrinkage plays an important part in the deformation of the printed tool. The effect
of these is discussed for two different material systems.
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1. INTRODUCTION

Motivation for this Work
Production of tight tolerance composite parts has been achieved using conventional tool
compensation techniques and finite element models for determining thermally and chemically
induced volumetric strains that evolve during the material cure cycle for a carbon fiber epoxy
composite. The cure cycle refers to the manufacturing step where a thermoset matrix is
transformed from a liquid to a solid due to cross linking of polymer chains at elevated temperatures.
To achieve the tight tolerances the tool geometry is compensated to accommodate for the shape
distortions from the cure process as well as the shape change in the tool due to anisotropic
coefficient of thermal expansion for change in temperature. For conventional molds made out of
tooling boards or aluminum the shape change analysis due to elevated temperature assumes
isotropic material properties. For a 3D printed fiber matrix composite mold this shape change
analysis is a complex thermo-chemical phenomenon as the material properties are not only
anisotropic but also temperature dependent and a function of local fiber orientations in the mold.
The additive manufacturing group at Composites Manufacturing and Simulation Center at Purdue
University has developed simulation tools for determining the shape change for an additively
manufactured mold. This work investigates the challenges of using these simulation tools for a
relatively large autoclave tool printed using the Composite Additive Manufacturing Research
Instrument (CAMRI) for a semi crystalline carbon fiber reinforced Polyphenylene sulfide (PPS)
thermoplastic. The work describes the prototyping of a the step section of the inner pixel detector
service cylinder geometry for the CMS phase II upgrade for the Large Hadron Collider at CERN.
This prototype was built for the Purdue Silicone Detector Lab, Department of Physics and
Astronomy, Purdue University.
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Organization of this Work
In this thesis the state of the art extrusion deposition additive manufacturing process and the
simulation technique for the same is presented. Then a detailed description of the simulation tools
used for the prototyping is presented. The tool shape compensation is estimated at the processing
conditions for the part. A comparison for parts made using a nominal shape printed tool and a
shape compensated printed tool is done using laser surface scanning techniques. Next the
manufacturing process is detailed out for a two part step section mold, this is the largest part printed
using the CAMRI system. The engineering challenges are presented and the parts manufactured
using the mold are described. The effect of crystallization shrinkage for semi-crystalline
thermoplastic material used for additive manufacturing is discussed. This is followed by a
validation case study for the simulation tools for a simple aircraft wing stiffener geometry. The
last chapter presents the learnings from this prototype and suggest areas of future work.

Additive Manufacturing
Additive manufacturing of high strength thermoplastics and fiber reinforced thermoplastics has
prominent application in tooling for processes like thermoforming, compression molding,
stamping and high temperature autoclave and oven tooling for composite parts. For thermoplastics
polymers the additive process was first presented by Stuffle et al. in 2000 where a high pressure
extrusion was used for depositing thermoplastic polymers like polyaryletherketone (PEEK) and
polycarbonate with short fiber reinforcements on numeric controlled print bed[1][2]. Extrusion
based additive manufacturing has since evolved to printing large scale parts as demonstrated by
the Big Area Additive Manufacturing (BAAM) system developed by Oak Ridge National
Laboratory (ORNL) and Cincinnati Incorporated©. A single screw extruder is used in the BAAM
system which is mounted on a gantry robot[3]. This allows for the pelletized material to be
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deposited in the build volume where a mechanical taper compacts the subsequent extruded layers
for inter layer adhesion. BAAM was used to produce autoclave tooling and presented with
significantly less tool deformation as reported by Kunc V., et al[4]. Local Motors© has also used
BAAM to print an electric car that was showcased at the International Manufacturing Technology
Show (IMTS) in Chicago in 2014[5]. Figure 1.1 shows the BAAM system.
The Large Scale Additive Manufacturing (LSAM) by Thermwood Corporation© features a dual
gantry system with a single screw extruder and a CNC router. This allows for surface finishing of
the printed part without the need to reposition the part. LSAM has extrusion rates of up to 500
lb/hr with a build volume of 30.5 x 3 x 1.5 m. A roller wheel is used in the LSAM which follows
the extruder in a tangential path compacting the printed bead. Figure 1.2 shows the LSAM system.

Figure 1.1 Big Area Additive Manufacturing (BAAM) system developed by Cincinnati
Incorporated©. Image source: Cincinnati Incorporated©[3]
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Figure 1.2 Large Scale Additive Manufacturing (LSAM) system developed by Thermwood
Corporation©. Image source: Thermwood Corporation[6]
Extrusion Deposition Additive Manufacturing (EDAM) using the Composites Additive
Manufacturing Research Instrument (CAMRI)
The Extrusion Deposition Additive Manufacturing (EDAM) process used in the Composites
Additive Manufacturing Research Instrument (CAMRI) consists of pelletized stock material being
extruded using a single screw extruder and molten polymeric material is deposited on a numeric
controlled print bed. Figure 1.3 shows the schematic representation of the CAMRI system. The
feed stock in pelletized form is fed from the material feeder into a single screw extruder where it
is heated sequentially in the three zones of the extruder. The feeding zone is maintained at 600 –
615 °F, the compression zone and the metering zone is maintained at 550 – 570 °F. Previous studies
using the CAMRI system show that when a vacuum of about 10 psi is applied there is reduction
in the void content in the final printed part.

5

Figure 1.3 CAMRI System
The feed stock used for this project is pelletized Polyphenylene sulfide (PPS) with 50 % by weight
of carbon fiber reinforcements. The material is commercially available under the trade name of
Techmer Electrafil© XT1 3DP. The pellets have an initial size of approximately 2 x 2 x 2 mm.
Apart from this material, 50wt. % CF reinforced PPS Celstran© PPS-CF50-01 provided by
Celanese© has also been used for EDAM. This material is 1 cm long chopped pultruded fiber
bundles. Figure 1.4 shows the feed stock material. The material undergoes crushing in both cases
and the average fiber length in the printed samples for both the materials was measured to be 200
microns[7], [8].
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Figure 1.4 a. Techmer Electrafil© XT1 3DP; b. Celstran© PPS-CF50-01

The material output of the extruder is a pulsating output. Hence a gear pump is installed at the
output of the extruder to regulate the material flow. The extrudate then passes through a
convergence zone in a nozzle and is laid out on a printing bed. The gear pump, connector and the
nozzle are maintained at 570 °F. This is a process when the molten extrudate undergoes a 90° turn
and is then tamped down on the bed by a mechanical tamper. This converts a circular cross-section
of the print bead to a rounded rectangular cross-section. The tamper is cooled pneumatically to
prevent the molten material from adhering to the surface of the tamper. The print bed temperature
is determined by the size of the print. For a smaller geometry the bed temperature is maintained at
300 °F and for a larger geometry the bed temperature is 370 °F. The effect of the bed temperature
is explained in the subsequent chapters. The fiber orientation at the output of the extruder can be
assumed to be three dimensional random. The convergence zone and the 90° turn on the printing
bed and the tamping action all contribute to changing the fiber orientation within the bead. The
fiber orientation plays an important role in determining the residual stress state of the printed
geometry and the shape deformation. Table 1.1 lists the built details for the CAMRI system.
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Table 1-1 Built specifications of CAMRI system[8]
Component/Feature
Extruder
Extruder screw

Description
Randcastle© single screw 1” 24:1 extruder
MD Plastics© Posi-MeltTM screw for reduced
fiber attrition
Custom configuration, Velmex© linear guides

3D moving table

with ball screws powered by brushless servo
motors

Gear pump
Material feeder
Material tamper
Material Output
Build volume

PSI© Extrusion Gear Pump, heavy duty
construction, model 12/12
IPM Systems volumetric feeder, model FD89
Custom built design, regular vibrating
frequency 25 Hz
2 – 5 kg/hr.
0.5 x 0.5 x 0.5 m

Maximum temperature extruder

425°C

Maximum temperature printing bed

250°C

Maximum table movement speed

12 m/min

The print bed is mounted on a 3-axis motion table and the print path is determined by the controlled
motion of this table in space. The material feed rate is dependent on the RPM of the extruder and
the gear pump. A Dynamic Extrusion Control feature is implemented which controls the RPM of
the extruder based on the speed of the printing bed. The extruder slows down for changes in print
direction or changes in the layer height. This control system was implemented by Eduardo Barocio
(ebarocio@purdue.edu) in the program LabView© and prevents accumulation of the material at
locations of slower printing speeds. Chapter 2 details the process used for the simulation of residual
stress and part deformation and Chapter 3 deals with the procedure and challenges of printing large
parts using CAMRI.
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Simulation Tools for EDAM Simulation for CAMRI System
The simulation tools were developed by Eduardo Barocio, Bastian Brenken and Anthony Favaloro
in Abaqus© 2017. The simulation uses the element wise activation feature for simulating the
printing process while assigning local material orientation for the anisotropic material properties
of the semi-crystalline polymer melt. The carbon fiber filled material system helps in reduction of
material warpage by increasing the stiffness and reducing the coefficient of thermal expansion in
the direction of fiber orientation[5]. However this makes the material properties anisotropic and
heavily dependent on the fiber orientation. User sub-routine ORIENT assigns local material
coordinate systems as well as the smallest activation time for each of the elements. The principal
directions of the local event series coordinate system X1i , Xi2 and Xi3 are assigned to the centroid
of each element after a dimensional comparison is made to check if each element lies within the
segment bounds is satisfied. The user-subroutine SDVINI to assign necessary state variables for
crystallization calculations; UEPActivationVol enables progressive element activation with
respect to the printing time as recorded in the event series. UMATHT is the thermal analysis subroutine developed by Bastian Brenken for orthotropic heat transfer as well as crystallization
calculations in thermal analyses, and a UEXPAND for crystallization calculations in static analysis
to determine the residual strains as well as the part deformation[8]–[10]. EDAM process from a
thermal or heat transfer stand point consists of molten material being deposited from the nozzle on
to a printing bed. This material cools and undergoes crystallization for a semi-crystalline material
like PPS. The first layer of beads deposited is in contact with the printing bed which is made out
of aluminum. The subsequent layers are deposited on the previously deposited layers. There is
convective and radiative heat loss and since crystallization is an exothermic process there is heat
generation term in the governing equation as well. The first bead has conductive heat loss with the
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printing bed and the subsequent beads have heat conduction with the adjacent beads. The thermal
and heat transfer simulation assumes orthotropic material properties for simplification. The bead
is tamped down using a mechanical tamper which causes conduction heat loss through the
pneumatically cooled tamper. Figure 1.5 shows the principle of EDAM process and the heat
transfer associated with the same.

Figure 1.5 EDAM Process

Chapter 2 details the inputs required for this simulation as well as the procedure for the same. In
the user-subroutine UEXPAND, the incremental strain is computed based on the temperature
dependent crystallinity as well as temperature dependent CTE. This thermo-mechanical simulation
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just accounts for the shape change in the tool due to the residual stresses induced in the printing
process. To account for the shape change of the printed tool during the curing cycle for the usersubroutine UEXPAND is re-run with the boundary conditions for autoclave cure cycle. The
expansion and shape change in this part performance analysis is primarily due to the effect of
anisotropic CTE of the printed tool.

Description of the Prototype Geometry
The geometry of the step section for the service cylinder of the Inner Pixel Tracker for the Pixel
Detector Upgrade – Phase II is described in this section. This geometry is used and referenced
throughout this thesis in the chapters that describe simulation and part manufacturing. Figure 1.6
shows the assembly of the entire pixel detector. The service cylinder is highlighted in the image in
green color. Figure 1.7 shows the assembly of the service cylinder with the various sensors
mounted on it. Figure 1.8 shows the dimensions of the step section that was made in the first
prototype and the process for which is detailed out in this thesis.
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Figure 1.6 Pixel Detector Schematic at the Compct Muon Solenoid Experiment, CERN

Figure 1.7 Service Cylinder Geometry; The highlighted section was chosen for prototype I
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Figure 1.8 Step Section - Prototype I

Table 1-2 Prototype I - Serivce Cylinder Step Section - Part Dimensions
Sr. No. Part Dimension

Value

1

Outer Radius

285.98 mm

2

Inner Radius

182 mm

3

Part Width

222.70 mm

Since the tool geometry was larger than the print volume for the CAMRI system, the tool was
printed in two halves as shown in Figure 1.9 and the two halves were bonded using mechanical
fasteners and adhesive.
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Figure 1.9 Two Part Additively Manufactured Tool for a Composite Layup

The mold was printed in the orientation shown in Figure 1.10. The reasoning for this choice of
orientation is explained in Chapter 3. The x-direction and y-direction are the in plane transverse
directions for the EDAM process and the z-direction is the stacking direction.

Figure 1.10 Illustration of Tool Printed using CAMRI System
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2. SIMULATIONS FOR PART SPRING BACK AND EDAM PROCESS

In this chapter the process for part spring back analysis using Abaqus© 2017 is presented. This is
followed by the simulation inputs and process for the CAMRI simulation tools for thermomechanical part deformation as well as deformation in the autoclave curing process. The
assumptions and governing equations used for building the simulation model are listed. These
simulation tools were developed by Eduardo Barocio, Bastian Brenken and Anthony Favaloro[8].
Figure 2.1 shows the simulation flow for generating the compensated geometry of the tool to be
used for the service cylinder step section.

Part Spring
Back Analysis

Shape
Compensated
Tool
Geometry

EDAM Heat
Transfer
Analysis

Temperature
and Degree of
Crystallization
History

EDAM Process
Deformation

Residual Stress
and Tool
Deformation

Compensated
Tool Shape

Temperature
Induced
Deformation
at Curing
Temperature

Process
Simulation

Figure 2.1 Simulation Flow Chart for Compensated Tool Shape using EDAM Process
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Part Spring Back Analysis
2.1.1 Analytical Approach
Dimensional changes are often caused in composite laminates due to the evolution of residual
stresses during the curing process of laminates in closed form, after the part has been extracted and
cooled. These dimensional changes include spring back (also mentioned as spring-in or spring
forward in literature), warpage of laminates and delamination or displacement of single layers of
composite. Spring back is primarily seen in composite parts that have an angled or curved
geometry. Literature suggests that the laminate thickness, cure cycle, lay-up, flange-length, aspect
ratio, tool material and tool surface all contribute to this dimensional change[11], [12]. However
most analytical models just consider the effects of temperature change, chemical shrinkage and
moisture during the curing cycle. This dimensional change can be represented by the following
equation,
∆𝛾 = ∆𝛾𝑡 + ∆𝛾ℎ + ∆𝛾𝑐

Equation 2-1

where ∆𝛾𝑡 is the spring back due to temperature, ∆𝛾ℎ is the change in angle due to a hygroscopic
effect and ∆𝛾𝑐 is the change in angle due to a chemical shrinkage effect during the cure cycle[13].
The part geometry as shown in Figure 1.8 is a double curved surface, hence the spring back will
take place about the z- axis. Figure 2.2 schematically represents the expected spring back in the
step section.
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Figure 2.2 Part Spring Back for a Double Curvature Cylindrical Geometry

In this work the effect of chemical shrinkage and hygroscopic effect is neglected due to
unavailability of data for the composite pre-preg Hexcel © IM7/8552 used for the composite layup.
The temperature induced dimensional change is represented by Equation 2.2.
∆𝛾𝑡 = 𝑅𝜅𝑦𝑇 +
∆𝛾𝑡 =

(𝛼𝑥 − 𝛼𝑧 )∆𝑇
(𝛼𝑦 − 𝛼𝑧 )∆𝑇
+ 𝑅𝜅𝑥𝑇 +
1 + 𝛼𝑧 ∆𝑇
1 + 𝛼𝑧 ∆𝑇

𝑅𝜅𝑦𝑇

𝜀𝑦𝑇 − 𝜀𝑧𝑇
𝜀𝑥𝑇 − 𝜀𝑧𝑇
𝑇
+
+ 𝑅𝜅𝑥 +
1 + 𝜀𝑧𝑇
1 + 𝜀𝑧𝑇

Equation 2-2

Equation 2-3

where R is the radius of curvature of the of the part, 𝜅𝑖𝑇 is the strain caused due to change in
curvature, 𝛼𝑖 is the coefficient of thermal expansion along the three principle axes and ∆𝑇 is the
change in temperature. For a symmetrical balanced laminate the term 𝜅𝑖𝑇 is equal to zero. The
change in curvature is given by Equation 2.3.

17
𝜀𝑥0,𝑇
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0,𝑇
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𝑇
{ 𝜅𝑥𝑦
}

𝑎11
𝑎12
𝑎
= 16
𝑏11
𝑏12
[ 𝑏16

𝑎12
𝑎22
𝑎26
𝑏12
𝑏22
𝑏26

𝑎16
𝑎26
𝑎66
𝑏16
𝑏26
𝑏66

𝑏11
𝑏12
𝑏16
𝑑11
𝑑12
𝑑16

𝑏12
𝑏22
𝑏26
𝑑12
𝑑22
𝑑26

𝑇
𝑏16 𝑁𝑥𝑇
𝑏26 𝑁𝑦
𝑇
𝑏66 𝑁𝑥𝑦
𝑑16 𝑀𝑥𝑇
𝑑26 𝑀𝑦𝑇
𝑑66 ] 𝑀𝑇
{ 𝑥𝑦 }

Equation 2-4

The derivation of this equation is available in the references[11], [14]. Since the geometry is
cylindrical in the thermal force strain relationship of the laminate the term 𝜅𝑖𝑇 for a double
curvature is given by the following equations.
𝜅𝑥𝑇 = 𝜅𝑥𝑇 +

1 𝑇
(𝜀 − 𝜀𝑧𝑇 )
𝑅𝑥 𝑥

Equation 2-5

𝜅𝑦𝑇 = 𝜅𝑦𝑇 +

1 𝑇
(𝜀 − 𝜀𝑧𝑇 )
𝑅𝑦 𝑦

Equation 2-6

2.1.2 Numerical Approach
A finite element model was created and analyzed for thermos-elastic deformation using Abaqus©
2017 solver. The part CAD was imported into the solver and the material properties of Hexcel ©
IM7/8552 were assigned. Figure 2.3 shows the simulation flow-chart for the part spring back
analysis. The material properties are assumed to be transversely isotropic.

Figure 2.3 Simulation Flow Chart for Part Spring Back
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Figure 2.4 shows the assignment of local coordinate system and the Table 2-1 lists the material
properties used. The material properties are reported the reference [15].

Figure 2.4 Local Orientation Assignment
The orientation for a unidirectional laminate layup is [0/±60]S. The zero direction is along the hoop
direction or the circumference of the cylindrical section. Hence this is a 6 ply layup. 3 node
triangular shell element mesh was used. One node had a zero displacement boundary condition
applied to it, while the node adjacent to this in the five of its displacement / rotational degrees of
freedom constrained. This ensured that there was no rigid body rotation for the part. A uniform
temperature condition was applied in the initial step with temperature of 180°C. This is the
maximum curing temperature for IM7 / 8552 as recommended by the manufacturer. Ambient
temperature condition (22°C) was applied in the following step with the displacement and
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rotational boundary conditions remaining the same. The strains developed were thus purely due to
anisotropic CTE induced cooling behavior from the processing temperature to the ambient
temperature for the composite laminate.

Table 2-1 Material Properties IM7 / 8552 Unidirectional Prepreg Composite (35 % resin content)
IM7/8552 Unidirectional Prepreg
Material Property
Quantity
Elastic Modulus
E1
E2
E3
Poisson's Ratio
ν12
ν13
ν23
Bulk Modulus
G12
G13
G23
Coefficient of Thermal Expansion
CTE 11
CTE 22
CTE 33

Value
1.21E+11
1.10 E+07
1.10 E+07
0.27
0.27
0.39
3.65E+06
3.65E+06
3.65E+06
6.00E-07
2.86E-05
2.86E-05

Unit
Pa
Pa
Pa
Pa
Pa
Pa
1/K
1/K
1/K

20

Figure 2.5 3 Node Triangular Shell Element Mesh
The maximum deformation observed was 0.25 mm. Figure 2.6 shows the deformation of the
composite laminate due to temperature change. It was assumed that the deformation due to
chemical shrinkage and hygroscopic effects is not significant as compared to the deformation due
to temperature change.
The nodal displacement was computed and inverted about the unreformed shape nodal positions,
thus generating an orphan mesh. A surface was constructed from the orphan mesh which was used
as a compensated tool geometry for the prototype of the step section for the service cylinder.
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Figure 2.6 Temperature Induced Deformation for Composite Layup
EDAM Process Simulation
Once the spring back analysis is completed the compensated tool geometry is used for the process
simulation to compensate for the shape change in the tool due to the residual stress state in the part
arising from the additive manufacturing process and the in-service deformation at the curing
temperature of the composite laminate. Figure 2.7 shows the simulation flowchart for the EDAM
tool compensation process.

22

Figure 2.7 EDAM Process and Performance Simulation Flowchart
In this figure the different sub-routines used in EDAM process and performance simulation for
Abaqus© 2017 are mentioned. The following sections detail out the functionality of each of the
sub-routines used.
2.2.1 UMAT sub-routine
This sub routine was developed by Bastian Brenken to define the thermoviscoelastic material
behavior of the Celstran© PPS-CF50-01 50wt. % CF reinforced PPS material. Polymers exhibit
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viscoelastic mechanical material behavior as they cool down from a molten state to solid state.
This means that they exhibit both the solid characteristics of elastic materials and store elastic
energy when loaded, but also dissipate a part of the energy and flow on the microscale showing a
behavior similar to fluids. This behavior is time and temperature dependent as described in Brinson
and Brinson [16]. Bastian Brenken defines the characterization experiments to determine the
Maxwell constants for the creep and relaxation behavior for the material. For a fiber filled
composite the fiber length and fiber orientation plays in important role in determining the thermoviscoelastic properties using micromechanical analysis [16], [17]. The fiber length was measured
by burning off the PPS matrix at 600 °C. The residue was dispersed on a glass slide using acetone.
The glass slide was scanned under an optical microscope and the fiber length was measured. The
fiber orientation tensor was obtained from the polished cross-section of the printed laminate. The
fiber orientation tensor was computed using the methods developed by Bay and Tucker[18], [19].
The thermo-viscoelastic material behavior is described using Maxwell elements for the master
curve representing the stiffness matrix components 𝐶𝑖𝑗 . The WLF equation for shift factor
computation is used for C1, C2 and T0 the parameters describing the WLF relationship for defining
time-temperature superposition[8], [16]. Temperature increments are then computed as well as the
crystallinity factor. A Jacobian DDSDDE (i.e. the consistent linearized tangent matrix) as required
for the convergence of solution in Abaqus © [20].
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Figure 2.8 Illustration of deposited material with the CAMRI system with Printed Microstructure

The nine independent entries of the Jacobian, considering an orthotropic material description are
computed and then the state variables for relaxed and unrelaxed stress components are initialized
to zero. Finally the relaxed and unrelaxed stress components are computed.
2.2.2 ORIENT sub-routine
This is the central algorithm for the simulation which defines the local material orientations and
the activation time for element wise activation. The sub-routine takes input from the event series
to initialize an array for the coordinates of the centroid of the local event series segment. The
orientation tensor is T is defined as the identity matrix. The bead width and the bead height are
hard coded parameters as input by the user. The stacking direction and the coordinates of the
beginning and the end of the event series segment is defined. A search radius for the segment is
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initialized. If the element local coordinate falls within or intersects the search radius for the given
activation time for the dimensions equal to length of the segment, half the width of the bead and
the height of the bead as input by the user, the components of T as the local orientations 𝑋𝑖1 , 𝑋𝑖2
and 𝑋𝑖3 are defined. The smallest activation time and the components of T are stored in the array
ESData.
2.2.3 SDVINI and UEPActivationVol sub-routines
The activation times are required for accurate polymer crystallization calculations as well as by
UEPActivationVol sub-routine for the progressive element wise activation during the analysis.
The activation subroutine UEPActivationVol reads in the activation times during the simulation
and for a current time increment all elements are activated which have activation times that fall
within this increment. In a UEXTERNALDB, a global array for storing the local orientation
information and the activation times is pre-allocated. The subroutine SDVINI utilizes the
activation times to store this information as a state variable for the crystallization computations. A
detailed description of these sub routines can be found in the references [8], [10], [17], [20], [21].
2.2.4 UMATHT sub-routine
The heat transfer analysis is governed by the first law of thermodynamics, the principle of
conservation of energy. Hahn and Özisik [22] define the orthotropic heat conduction in the
Cartesian coordinate system as follows,
𝜕𝑇
𝜕𝑇
𝜕𝑇
𝜕𝑇
𝜕𝑇
𝜕𝑇
(𝑘1 (𝑇)
)+
(𝑘2 (𝑇)
)+
(𝑘3 (𝑇)
)+𝑄
𝜕𝑥1
𝜕𝑥1
𝜕𝑥2
𝜕𝑥2
𝜕𝑥3
𝜕𝑥3

Equation 2-7

𝜕
= (𝜌𝐶(𝑇)𝑇)
𝜕𝑡
Here, T is temperature, t is time, 𝑥1, 𝑥2 𝑎𝑛𝑑 𝑥3 are the local spatial coordinates, 𝜌 is the density
and C the specific heat capacity. Polymer crystallization is an exothermic reaction which involves
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heat generation represented by the term 𝑄 in the equation. This is dependent on the instantaneous
crystalline volume fraction and the heat of fusion also called as latent heat of crystallization [23].
The assumption for the heat transfer analysis are as follows:


The thermal properties are described as orthotropic.



Thermal

conductivities 𝑘1 (𝑇), 𝑘2 (𝑇) 𝑎𝑛𝑑 𝑘3 (𝑇) and

specific

heat 𝐶(𝑇) are

characterized as temperature dependent properties.


The density is assumed to be constant. The change in density and the heat generated due to
crystallization shrinkage is neglected.



Convective heat coefficient ℎ and emissivity 𝜀 are assumed to be a constant, and the
ambient temperature is modeled as a constant as well.



Thermal resistance between adjacent beads and the first layer and the print bed is neglected.
The thermal contact is assumed to be perfect.

In this sub-routine the thermal properties are input from the UMAT sub-routine. Then the
incremental temperature is calculated for the current time step for the active elements. The values
of thermal conductivity and specific heat capacity are updated for the temperature computed.
Incremental change in the internal energy is computed. Heat flux vector is computed using the
Fourier Law as a function of spatial gradients and absolute value of the temperature. The
crystallinity is computed and updated based on the temperature and the weighing factors at each
incremental step.
2.2.5 UEXPAND sub-routine
It is paramount for the tool shape compensation analysis to determine the shape change in the
EDAM tool. The total shrinkage in the material is due to the thermomechanical shrinkage governed
by the coefficient of thermal expansion of the material and the crystallization shrinkage caused

27
due the crystallization in the material[24]–[26]. The total incremental strains 𝚫𝜺𝒕𝒐𝒕 is defined as
the addition of the thermal and the crystallization strains:
𝚫𝜺𝒕𝒐𝒕 = 𝚫𝜺𝒕𝒉 + 𝚫𝜺𝒄𝒓

Equation 2-8

The incremental strains 𝚫𝜺𝒕𝒉 can be computed utilizing the temperature dependent coefficients of
thermal expansion 𝜶
𝚫𝜺𝒕𝒉 = 𝜶 ∙ Δ𝑇

Equation 2-9

The crystallization shrinkage is empirically determined for the material system used. In this subroutine for every temperature increment the degree of crystallinity is computed along with
temperature dependent CTEs. Incremental crystallization shrinkage and thermal shrinkage is
computed thus obtaining a stress free incremental strain.

Event Series and Mesh Generation
The very first input to the simulation analysis is the event series. This file contains the information
about the center of the printing path, which refers to the center of the bead in the 1 (printing) and
2 (in-plane transverse) direction and the top surface of the bead in the 3 (stacking) direction. Figure
shows a sample event series. The first term corresponds to the time in seconds. The second, third
and fourth term are the x coordinate, y coordinate and the z coordinate as defined earlier. The fifth
term corresponds to the printing status, 1 refers to extruder is depositing material or the part is
printing and 0 refers to rapid motion of the print bed with extruder is at idle. The x coordinate, y
coordinate and the z coordinate are plotted to ensure that there is no noise in the event series, or
points do not lie outside the CAD geometry.
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0,40.45,38.66,0,1
0.1,45.05,38.66,0,1
0.201,53.49,38.66,0,1
0.301,63.53,38.66,0,1
0.401,73.57,38.66,0,1
.
.
.
4450.396,212.98,105.19,220.51,1
4450.496,217.19,96.07,220.51,1
4450.597,220.87,86.72,220.51,1

Figure 2.9 Event Series for the Prototype I tool
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To generate the mesh input file for the heat transfer analysis a python script was created by
Anthony Favaloro, a part of which is reproduced below.
# INPUTS MESH GENERATION
#-------------------------------------------------------# Name definitions
prefix = "PSDL_Right"
# Input Event Series File Name
ESfname = prefix + "ES.inp"
# Choose analysis type (set one of the two active)
type = 'thermal'
# type = 'mechanical'
beadWm = 6.15 # Define the bead width
beadH = 1.5 # Define the bead height
# beadWm = 3.17
# beadH = 1.3

# Desired
target_dx
target_dy
target_dz

element sizes in the event series segment per increment
= beadWm/3.
= beadWm/3.
= beadH/3.

vmean = 1.
vmin = 1.
vmax = 1.
beadWs = beadWm*vmean/vmin
beadMax = beadWm
# Stack direction
stackX = 0.
stackY = 0.
stackZ = 1.
The nozzle diameter of 4 mm was used for the service cylinder prototype I, which after tamping
has the bead width of 6.15 mm and height of 1.5 mm.
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# INPUTS INPUT FILE GENERATION
#-------------------------------------------------------# Parameters
BuildTrayTemperature = 473.15
AmbientTemperature = 308.15
AmbientTemperatureRad = 438.15
MoltenTemperature = 588.15
ConvectionFilmCoefficient = 0.0085
emissivity = 0.92
absoluteZeroTemperature = 0.
StefanBoltzmann = 5.67e-11

# File names to include in input file
AMdefinitionsName = 'es_and_tc_types_fdm.inp'
# Material and subroutine File
if type == 'thermal':
# HEAT TRANSFER ANALYSIS
matFileName = 'PPS_user_V3.inp'
# Name of user subroutine file
subfile = "heat_transfer_v3.for"
else:
# MECHANICAL ANALYSIS
matFileName = 'PPS_user_Curvefits_V3.inp'
subfile = "UMAT_plus_UEXPAN_measuredShr.f"
#------------------------------# STEP DEFINITION
#------------------------------# Step increments (seconds)(thermal)
# (Step increment for mech analysis: increment*outputFreq)
incrementDepo = 10.0
incrementCool = 10.0
# Thermal analysis output frequency
outputFreqDepo = 10
outputFreqCool = 10

31
The build parameters include the various temperatures and the emissivity and the convection film
coefficient. The file 'es_and_tc_types_fdm.inp' consists of the parameter definitions
for the deposition process. The file 'PPS_user_V3.inp'&'PPS_user_V3.inp' consists
of the material constants for the thermal and the viscoelastic analysis. These are the material
constants that were characterized by Bastian Brenken[8]. "heat_transfer_v3.for"
consists of the UMATHT sub-routine and

"UMAT_plus_UEXPAN_measuredShr.f"

consists of the UEXPAND sub-routine for the heat transfer and stress and deformation analysis
respectively.
# Mechanical analysis output frequency
#(1 means output is requested for the same time steps as for the
thermal analysis)
outputFreqMech = 10
# Output of local material orientations
directions = "NO"
#directions = "YES"
# Lengths of the cooling steps On and Off the printing bed
coolingTimeOnBed = 900
# in seconds
coolingTimeOffBed = 900
# in seconds
# Output requests for the analyses
if type == 'thermal':
elOutput = "EACTIVE, TEMP, SDV1, SDV13"
nOutput = "NT"
else:
elOutput = "EACTIVE, SDV1, S"
nOutput = "NT, U"

The output frequency and the time step increment is defined in the subsequent lines of code. For
this part since the printing process takes 4451 seconds we will output the nodal and element
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properties for every 10th time step. This is just to reduce the size of the output database file from
the Abaqus © analysis. This python script is run to obtain a mesh file that can be input into the
Abaqus© analysis. However the mesh generated using this python script is a voxel mesh. The
resolution of this mesh makes it unusable for the shape change analysis.

Figure 2.10 Mesh using Voxel Elements Generated using Python Script

The mesh generated consists of 1014818 elements. The event series was discretized for every
segment with a single element in the stacking direction and the in-plane transverse direction; the
printing direction had 3 elements for each segment length. A node set is created with all the
1249737 nodes defined. Another element set is created called PARTTOFABRICATE with all the
elements. For a thermal analysis the element type DC3D4 is used. This is a 4 node tetrahedral 3D
solid element for heat transfer analysis. For stress and deformation analysis C3D4 element type is
used. This is identical to DC3D4 except that the naming convention.
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A node set with all the nodes in contact with the printing bed is created called
PARTBOTTOMNODES.

This

is

used

to

apply

temperature

boundary

conditions.

PARTBOTTOMNODESFIXED is a subset of the node set PARTBOTTOMNODES which has all
the degrees of freedoms fixed. This consists of nodes approximately in the center of the printing
bed. This is to prevent the rigid body motion of the object. Since the part was flipped during the
autoclave curing process, with the Y-Z plane on the bottom two other node sets
PARTBOTTOMNODESFIXEDAUTOCLAVE and PARTBOTTOMNODESAUTOCLAVE are
created similarly. An external surface EXTPSURF is created to apply the autoclave processing
conditions. All the nodes in the X-Z plane are assigned a symmetric boundary condition for the
performance simulation in the autoclave.
For the tool shape compensation analysis the voxel mesh generated is replaced by a conformal
tetrahedral mesh as shown in Figure 2.11.

Figure 2.11 Conformal Meshing
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a.

b.

c.
Figure 2.12 a. PARTBOTTOMNODES defined; b. PARTBOTTOMNODESFIXED defined;
c. Activated Bottom Nodes during the Simulation

For the conformal mesh there are 990419 nodes with 5531834 elements. However, not all the
elements are activated during the simulation as illustrated in the Figure 2.12. Finally, it is important
to ensure that the origin of the mesh file and event series are co-incident and have the same
definition.
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Heat Transfer and Crystallization Analysis
Once the mesh files and the other input files are created, the heat transfer analysis is run. The
results of which are presented in this section. Figure 2.13 shows the temperature and crystallinity
of the part after 34 increments or 1020 seconds into the printing process.

Figure 2.13 Temperature and Crystallinity of the Part after 34 Increments

36

Figure 2.14 Temperature Distribution Immediately after the End of Deposition Process
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Figure 2.15 Temperature Distribution at the End of 1000 sec Cooling on Print Bed
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Figure 2.16 Temperature Distribution at the End of 1000 sec Cooling off Print Bed

The Figures 2.14 – 2.16 show the cooling process after the part has completed printing. This
temperature history is used in the thermomechanical analysis to determine the residual stress state
in the part and the deformation caused due to thermal shrinkage and crystallization shrinkage. The
degree of crystallinity for the entire part after cooling is estimated to be about 0.84 as shown in
Figure 2.17.
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Figure 2.17 Degree of Crystallinity Computed at the end of Printing Process and Cooling to
Ambient Temperature
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Residual Stress and Deformation Analysis
The thermal analysis input is used to determine the temperature dependent properties for
computation of strains. Figure 2.18 – 2.20 illustrate the residual stresses in the 1, 2 and 3 direction.
Figure 2.21 shows the part deformation. The nodal deformation is mirrored or inverted about the
un-deformed nodal positions to obtain a compensated tool shape for the printing conditions. Next
this tool shape is used for the process simulation where the autoclave processing conditions are
input.

Figure 2.18 Stress State in the Printing Direction (1-direction)
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Figure 2.19 Stress State in the In-plane Transverse Direction (2-direction)
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Figure 2.20 Stress State in the Stacking Direction (3-direction)
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Figure 2.21 Nodal Deformation for the Printing Process

The Figure 2.22 shows the nodal deformations for the autoclave process. A maximum cure
temperature of 180 °C is applied with an 80 psi of air pressure on the EXTPSURF external surface
created. The inverted nodal displacement is converted into an orphan mesh and then exported as a
CAD file. The surface is mirrored about the symmetric plane to obtain a complete tool surface as
shown in Figure 2.23.
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Figure 2.22 Nodal Deformation for the Part Performance in Autoclave.
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Figure 2.23 Compensated Tool Geometry for Step Section Prototype I
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3. MANUFACTURING PROCESS

Once the tool shape compensation simulation presented in the previous chapter was completed the
composite tool was manufactured using the CAMRI system. The process flow is illustrated in
Figure 3.1.

Figure 3.1 Manufacturing Process Flowchart
The CAD geometry for the tool is obtained based on the shape of the composite part to be
manufactured. The geometry is over sized by 3 mm to account for the material removal to obtain
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a smooth finished surface. The geometry is then sliced to create a print path in the form of a gcode file using the software Simplify3D ©. The CTE and thus the expansion in the stacking
direction is the largest.

Part Slicing to Create Print Path
The software Simplify3D © creates a g-code path for the relative position of the print bed with
respect to the printing nozzle. Print bed movement speed is also determined for the printing process
and the rapid motion transition between layers and other points in space. This software also enables
the user to determine the infill pattern for the tool. While selecting the infill pattern for Prototype
I printing process the following design considerations were used,


The print infill was selected to support the conical surface of the part.



For the two halves printed the infill was mirrored to create a symmetrical geometry. This
ensures an even expansion of the part in the autoclave curing process.



The layer time selected was kept to a minimum. This is essential for the adhesion of the
top layer with the previously deposited layer. The adhesion is primarily due to the polymer
chain diffusion which is a temperature dependent phenomenon. The lower is the
temperature of the previously deposited layer the lesser will the diffusion be [16]. Since
the large geometry of the part causes a higher layer print time the infill was kept to a
minimum.



A 45° infill was preferred over a rectilinear 0° or 90° infill to reduce the number of inner
support structures.

The slicer setting for a 4 mm bead were used with layer height of 1.5 mm and effective bead
thickness of 6.15 mm. The circular section of the tool was printed using two perimeter layers
giving an effective thickness of 12.30 mm in the hoop direction / circumferential direction. The
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part was printed with the outer most layer deposited first and the inner layers deposited
subsequently. This leads to a better adhesion between the adjacent beads in the x-y plane. As the
outer bead cools and shrinks it will induce a stress on the inner bead leading to a better contact and
wetting of the bead interface. Figure 3.1 shows the slicing and infill pattern used. The slicing
software outputs a g-code file with preset print initialization segment. This is input into a g-code
interpreter KMotionCNC © to guide the extrusion and print bed motion.

Tool Manufacturing and Surface Machining
The tool was manufactured in two halves as shown in the Figure 3.2. The two halves were
machines on the straight edges to obtain a square flat surface to aid the bonding process. Three
dowel pins and five mechanical fasteners are also used along with an adhesive to bond the two
halves of the part. This was followed by bonding of the parts using Loctite E-40-HT© two part
adhesive. During the manufacturing of the parts it was not possible to achieve a sharp 90 ° turns
at the interface of the two halves. This led to unfilled regions at the bonding interface. A RenLAM
4017 high temperature epoxy loaded with glass beads was used to fill this region to ensure a
smooth transition between the curvatures of the two parts of the tool.

Figure 3.2 Two Parts of the Mold as Printed
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Figure 3.3 shows the filled region before and after machining of the curved surface of the tool.
While machining the curved surface, inter-bead cracks appeared which were filled using the same
glass filled high temperature epoxy. For machining the surface it is essential to locate the origin of
the as printed part from the CAMRI system to the CNC milling machine used. In the current
configuration of CAMRI this is achieved using features on the surface of the printed part. Efforts
are being made to improve this translation of origin between the two machines.

Figure 3.3 RenLam 4017 High Temperature Epoxy used as a Filler

The finished surface shown in Figure 3.4 was coated with a mold sealer and a release agent. The
surface of the mold was scanned using FARO ScanArm ©. This was then used for a layup and
cure cycle for a pre-preg composite laminate.
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Figure 3.4 Finished Surface of the Tool
Composite Layup and Curing Process
The first part layup was done using unidirectional IM7/8552 Pre-preg laminate. It was soon
realized that the laminate did not shear and conform to the tool surface as was predicted. Hence a
6-ply layup could not be achieved. Instead a 4-ply layup of [0/90/90/0] was attempted to produce
a prototype of the part. The layup is shown in the Figure 3.5. The part was vacuum bagged on the
surface and the manufacture recommended curing cycle was used for IM7/8552. Figure 3.6 shows
the curing cycle used.

Figure 3.5 Layup with IM7/8552 Unidirectional Prepreg
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Figure 3.6 IM7/8552 Cure Cycle[27]
The part obtained has resin deficient regions and exhibited warpage. Hence a second layup was
done using CYCOM© 5320/AS4 Plain Weave Composite prepreg. The recommended cure cycle
was used for this layup. Figure 3.7 and Figure 3.8 shows the prototype sections made using the
two different composite prepregs. The tool deformed and cracked after the second cure cycle. The
crack appeared on the curved surface of the tool as shown in the Figure 3.9.
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Figure 3.7 Resin Deficient Region for Part Manufactured with IM7/8552 prepreg

Figure 3.8 Part Manufactured with CYCOM© 5320/AS4 Plain Weave Composite prepreg
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Figure 3.9 Failure in the Tool after two Cure Cycles

The crack caused the tool to deform and thus could not be used to make more parts. This cracking
was primarily attributed to the following causes which were studied and the results and validation
exercises of which are presented in Chapter 4.


The material characterized and UMAT subroutine generated for the EDAM simulation tool
by Bastian Brenken was for Celstran© PPS-CF50-01. The material Techmer Electrafil©
XT1 3DP was used for manufacturing this tool. Though both the materials are 50 % wt.
carbon fiber filled PPS thermoplastics the crystallization shrinkage for Techmer
Electrafil© XT1 3DP PPS material is higher causing higher stresses in the printed part.



The stress components along the in-plane transverse and the stacking direction are
predicted to be close to the ultimate tensile stress estimated for the material system used.
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The coefficient of thermal expansion for the Techmer Electrafil© XT1 3DP PPS is
different hence leading to a different thermo-viscoelastic shrinkage in the part.



While machining the curved area of the tool the origin was incorrectly located thus leading
to a variation in the thickness along the hoop direction or the circumferential direction.
This also cause the cross-section at the location of failure to be approximately 3 mm instead
of 9 mm as designed. This large variation in the wall thickness along the hoop direction
led to uneven expansion in the tool at the processing temperatures thus leading to
unbalanced stress state causing failure. Figure 3.10 shows the variation in the cross section
of the tool.



The infill was not completely symmetric due to translation errors and slicing difference in
the two halves of the tool. This may have also contributed to the uneven expansion in the
tool at processing conditions.

Figure 3.10 Variation in Wall Thickness due to Asymmetric Infill and Machining Errors
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4. EFFECT OF CRYSTALLIZATION SHRINKAGE ON PART
DEFORMATION AND RESIDUAL STRESSES

The crystallization behavior is observed as the PPS polymer cools down from molten state. This
is an exothermic reaction in which the free flowing polymer chains in the melt align themselves
into dense crystals thus leading to shrinkage in the polymeric material and creation of free volume
at the microscopic level. The polymerization is an effect of the nucleation and the growth of the
crystals is strongly influenced by the temperature gradient in the polymer melt. The nucleation is
observed to start on a foreign particle, in the case of EDAM the carbon fibers suspended in the
polymeric melt. This leads to an increase in the density thus leading to a phase change. This is the
favorable state since the free volume energy for the crystal structure is lower than that of the
polymer melt. However for the polymer chains to form crystal structures they need to overcome
the surface tension or the interfacial energy between the melt and the crystalline phase. The change
in the Gibbs free energy Δ𝐺 can be described as follows,
Δ𝐺 = −𝑉𝑠 (𝐺𝑉𝐿 − 𝐺𝑉𝑆 ) + 𝐴𝐼 𝛾

Equation 4-1

where, 𝑉𝑠 is the volume of the forming crystal, 𝐺𝑉𝐿 is the free volume energy of the liquid
state, 𝐺𝑉𝑆 is the free volume energy of the solid (crystal) state, 𝐴𝐼 the interfacial surface between
the crystal and the polymer melt and 𝛾 the interfacial energy. Assuming that the crystal structure
evolves as spherical crystals, the first term scales proportional to the third power of the radius of
the crystal and the surface tension term scales as a function of the radius squared. The crystal
structure is unstable below a critical value of the radius of the crystal. This is because the surface
tension term has a higher magnitude and thus there is an energy barrier Δ𝐺 ∗ which is called the
nucleation barrier or free energy barrier and has to be overcome by stochastic fluctuations in the
material as it cools. The Figure 4.1 depicts this energy barrier.
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Figure 4.1 Change in Gibb’s Free Energy as a Function of Crystal Radius r. Image reproduced
from [8], [28]

The change in the temperature or the temperature gradient in the polymer melt leads to the
reduction in the free energy of the crystal thus driving the crystal growth. This increase in density
leads to crystallization shrinkage in the printed part. The crystallization shrinkage modelled in the
simulation tools use the approach as presented by Chapman et al.[21], [23]. The characterization
of the crystallization shrinkage is presented in the next section. The Techmer Electrafil© XT1 3DP
50 % by weight carbon fiber filled PPS was characterized for crystallization shrinkage and the
effect of change in the crystallization shrinkage on the residual stress and part deformation was
studies.

Characterization of Crystallization Shrinkage
Direct Image Correlation (DIC) technique was used along with a hot stage apparatus. Digital image
correlation is an optical image registration and tracking method for accurate 2D and 3D changes
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of an image. Evolution of strains and displacements is tracked for changing physical conditions
and is widely applied in many areas of science and engineering. Strain gages and extensometers
have a lower sensitivity. The amount of information gathered about the fine details of deformation
during mechanical tests using a DIC is increased manifold. DIC relies on finding the maximum of
the correlation array between pixel intensity array subsets on two or more corresponding images,
which gives the integer translational shift between them. It is also possible to estimate shifts to a
finer resolution than the resolution of the original images, which is often called "subpixel"
registration because the measured shift is smaller than an integer pixel unit. Figure 4.2 shows the
Basic concept of deformation mapping by DIC.[29]

Figure 4.2 Basic Concept of Deformation Mapping by DIC

This displacement field is converted into stain field at every sub-image or sub-pixel level. The
overall strain for the selected region of interest is the averaged strain from the sub-images in the
ROI. To measure the crystallization shrinkage the sample was prepared using a sectioning wheel.
The sample was 0.75” x 0.75” in size with an approximate width of 1⁄16 th of an inch. The plane
of study was the 2 – 3 plane for the extruded material. The contrast required for DIC was obtained

58
by spray painting the samples with a white color spray. Figure 4.3 shows the experimental setup
and the samples.

Figure 4.3 Experimental setup of the Hot Stage - DIC experiment, a) Sample in the chamber of
the Hot Stage, b) Top view onto closed Hot Stage, c) Experimental setup with lamp and DIC
camera.
A single DIC camera with 35 mm lens was positioned perpendicular to the plane of the sample.
The sample was placed in the hot stage apparatus where a controlled temperature ramp of 5°C per
min was applied. The sample was heated over the melt temperature to 305°C and held at that
temperature for 10 minutes to ensure that the polymer was molten. The sample was covered with
glass slide to ensure minimal convective and radiative heat loss. A heat gun can be additionally
utilized to blow hot air at the glass window of the hot stage cover to further reduce the thermal
gradient inside the heated chamber. The out of plane deformation could not be captured using this
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set up. The temperature history was recorded with the computer program WinTemp©, provided
by the hot stage manufacturer INSTEC©. This set up is similar to that used by Kravchenko et al.
for measurement of chemical shrinkage for thermoset polymers[30]. The set up was validated and
used by the author and is first presented in the reference [8]. The strain versus temperature curves
are plotted in the Figure 4.4. The sharp descent in the strain curve corresponds to the crystallization
shrinkage. The crystallization shrinkage is dependent on the temperature. However if such a
definition of the shrinkage was used in the simulation tool the crystallization shrinkage would be
computed at each time step. This was deemed to be computationally expensive. Thus a temperature
independent shrinkage was measured. To measure the crystallization shrinkage the curves were
fitted with a second order polynomial and the fitted curves were extrapolated in the crystallization
temperature range. The crystallization strain was read out as the difference between the curves at
the point of the strain curve with the largest slope. The crystallization shrinkage in the 2 and the 3
1
direction were measured. The shrinkage in the 1 direction 𝜀𝑐𝑟
, i.e. along the printing direction was

assumed negligible due to the high degree of collimation of fibers in this direction prevents any
measurable decent in the readings and hence specified as zero in the process simulations. The
cooling rate of 5°C/min was utilized for this experiment. The actual EDAM process has higher
cooling rates and thus crystallization kinetics are different and the crystal morphology would be
different leading to different crystallization shrinkage strains. However, the simulation tool does
not link the crystallization strains to different cooling rates in the process simulations and thus this
simplified approach was used.
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Figure 4.4 Estimation of the Effective Crystallization Strains
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Figure 4.4 continued

62
Table 4-1 Computed crystallization shrinkage strains for the 2- and 3-direction
Sample

Crystallization shrinkage strain 𝜺𝟐𝒄𝒓 Crystallization shrinkage strain 𝜺𝟑𝒄𝒓

S23 No.1

0.58 %

1.93 %

S23 No.2

0.77 %

2.72 %

S23 No.3

0.72 %

2.49 %

S23 No.4

0.88 %

1.99 %

Average

0.74 %

2.28 %

2
The strains reported by B. Brenken[8] for the Celstran© PPS-CF50-01 material were 𝜀𝑐𝑟
=
3
0.31% 𝑎𝑛𝑑 𝜀𝑐𝑟
= 0.90%. The crystallization temperature range for the Celstran© PPS-CF50-01

was 225°C to 260°C. The crystallization temperature range for Techmer Electrafil© XT1 3DP PPS
was measured to be 245°C to 270°C.
A simple case study was done for a square plate geometry with the two different values of the
crystallization shrinkage. The residual stress state was measured for the print conditions of 3 mm
and 4 mm nozzle diameter. The 3 mm nozzle diameter results in 4.17 mm bead width and 1.3 mm
bead height. The 4 mm nozzle diameter results in 6.15 mm bead width and 1.5 mm bead height.
Apart from these changes the other simulation parameters were kept constant.
The results of the case study are presented in the next section.

Effect of Crystallization Shrinkage on Part Deformation and Residual Stress State
The Figure 4.5 shows that larger part deformation observed in the part shape as a result of higher
crystallization shrinkage. The stresses in the 1-direction, 2-direction and 3-direction are also shown
for a part printed using a 3 mm nozzle. The Figure 4.6 shows the results for a part printed using a
4 mm nozzle.

63
Figure 4.5 Deformation and Residual Stresses in the 1-direction, 2-direction and 3-direction for a
Part Printed using a 3 mm Nozzle

Unit mm

Celstran© PPS-CF50-01
Techmer Electrafil© XT1 3DP
(lower crystallization shrinkage)
(higher crystallization shrinkage)
Magnitude of Deformation – 3 mm nozzle
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Figure 4.5 continued

Unit MPa

Celstran© PPS-CF50-01
Techmer Electrafil© XT1 3DP
(lower crystallization shrinkage)
(higher crystallization shrinkage)
Stress in the 1-Direction – 3 mm nozzle
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Figure 4.5 continued

Unit MPa

Celstran© PPS-CF50-01
Techmer Electrafil© XT1 3DP
(lower crystallization shrinkage)
(higher crystallization shrinkage)
Stress in the 2-Direction – 3 mm nozzle
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Figure 4.5 continued

Unit MPa

Celstran© PPS-CF50-01
Techmer Electrafil© XT1 3DP
(lower crystallization shrinkage)
(higher crystallization shrinkage)
Stress in the 3-Direction – 3 mm nozzle
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Figure 4.6 Deformation and Residual Stresses in the 1-direction, 2-direction and 3-direction for a
Part Printed using a 4 mm Nozzle

Unit mm

Celstran© PPS-CF50-01
Techmer Electrafil© XT1 3DP
(lower crystallization shrinkage)
(higher crystallization shrinkage)
Magnitude of Deformation – 4 mm nozzle
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Figure 4.6 continued

Unit MPa

Celstran© PPS-CF50-01
Techmer Electrafil© XT1 3DP
(lower crystallization shrinkage)
(higher crystallization shrinkage)
Stress in the 1-Direction – 4 mm nozzle
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Figure 4.6 continued

Unit MPa

Celstran© PPS-CF50-01
Techmer Electrafil© XT1 3DP
(lower crystallization shrinkage)
(higher crystallization shrinkage)
Stress in the 2-Direction – 4 mm nozzle
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Figure 4.6 continued

Unit MPa

Celstran© PPS-CF50-01
Techmer Electrafil© XT1 3DP
(lower crystallization shrinkage)
(higher crystallization shrinkage)
Stress in the 3-Direction – 4 mm nozzle
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The stresses for an element from each of the two print conditions, i.e. 3 mm nozzle and 4 mm
nozzle were traced for the entire length of the simulation and were plotted for comparison. Figure
4.7 shows the location of the elements chosen for the comparison plots.

3 mm Nozzle – Part surface and Region of
Change in Layer

4 mm Nozzle – Part surface and Interior
Element of the Part

Figure 4.7 Elements for Comparison of Stresses
The stresses in the 1, 2 and 3 direction were plotted for the two different values for crystallization
shrinkage. Figure 4.8 shows compares the stress values of the elements chosen.
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Figure 4.8 Comparison of Stresses in Printed Part
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Figure 4.8 continued
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Figure 4.8 continued

75
Figure 4.8 continued
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Figure 4.8 continued
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Figure 4.8 continued
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Figure 4.9 Comparison of Stresses in the 3 mm and 4 mm Print
The results show that there is a significant difference in the stress components for the Techmer
Electrafil© XT1 3DP PPS. A higher stress was also seen for parts printed using the larger bead
dimensions (4 mm nozzle) as seen in Figure 4.9. The stress development starts as soon as the
material is deposited since there is high heat loss and the temperature of the polymer melt rapidly
falls below the melt temperature and the material develops stiffness as per the thermovisco-elastic
behavior of the polymer. On all the curve a reduction in stress is observed after just a few time
steps. This is because the when bead on the top of the element under study is deposited there is
local heating and in some cases even re-melting of the polymer thus relaxing the stresses.
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This thermovisco-elastic behavior is governed by the Maxwell equation. The shifting factors of
the Maxwell equations are defined by the William-Landel-Ferry (WLF) equation or the Arrhenius
equation. The stiffness component of this equation when substituted with reduced time definitions
is given by the Prony series. The Prony series was obtained using micromechanical models which
use the fiber orientation tensor.
A simple fiber orientation analysis was conducted for the two beads printed using the 3 mm and
the 4 mm nozzle respectively. The results of the same are presented in the following section.

Fiber Orientation Analysis
A fiber orientation analysis study was done as presented by Bay and Tucker. A section of the
printed bead was taken perpendicular to the printing direction. The section plane parallel to the 23 plane was mounted in an epoxy resin and polished. A digital micrograph for the fiber and matrix
was obtained. Figure 4.10 shows the micrograph for the 3 mm and the 4 mm nozzle bead. The
elliptical measurements were taken using the software ImageJ © to obtain the values of the fiber
orientation as shown in Figure 4.11.

Figure 4.10 a. Cross section of 3 mm nozzle beads
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Figure 4.11 b. Cross section of 4 mm nozzle beads

Figure 4.12 Measuring the Fiber Orientation from Elliptical Section
In the Figure 4.11, b is the minor axis and a is the major axis of the ellipse. The orientation of a
fiber can be determined based on its two angles 𝜃 and 𝜙 describing the fiber orientation vector 𝑝
in the 3D space. The angle 𝜃 describes the alignment with the printing direction (1-direction),
while 𝜙 defines the fiber orientation in the 2 – 3 cross section plane. For 𝜃 = 0° a fiber is oriented
parallel to the 1-direction. An angle of 𝜙 equal to 0° or 180° indicates an alignment rather in the
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2-direction in this plane, while 𝜙 = 90° means that the fiber is oriented more towards the 3direction. The resulting components of the orientation vector 𝑝 of a fiber are:
𝑝1 = cos 𝜃
𝑝2 = cos 𝜙 sin 𝜃

Equation 4-2

𝑝3 = sin 𝜙 sin 𝜃
At first, this seems to be a surprising result since the shear alignment of the fibers in the extrusion
process and the converging flow in the convergence zones of the die cause a fiber alignment in the
printing direction. However, the effect of the tamper has to be considered. When the material is
flattened by the mechanical compaction after deposition, it flows and expands sideways. In this
squeeze flow of the material, fibers that are not perfectly pointed in the 1-direction are slightly
misaligned by the expansion of the material in the transverse in-plane direction (2-direction),
which explains the observed maximum around 25°.
In order to quantify the fiber orientation for the micromechanics analyses, the second order
orientation tensor description initially proposed by Advani and Tucker was utilized. According to
this approach, the fiber orientation along the 1-, 2- and 3-direction is expressed by the value of the
diagonal tensor components 𝑎11 ,𝑎22 and 𝑎33 of the second order orientation tensor 𝑎𝑖𝑗 , 𝑖, 𝑗 =
1, 2, 3. The trace of 𝑎𝑖𝑗 always equals to one: 𝑎𝑖𝑖 = 1. As an example, if all fibers are aligned in
the 1-direction, then 𝑎11 = 1 and 𝑎22 = 𝑎33 = 0 . For a random 3D fiber orientation, the
components are 𝑎11 = 𝑎22 = 𝑎33 = 1/3.
The second order orientation tensor can be computed for a discrete number of fiber samples using
the following equation

𝑎𝑖𝑗 =

∑(𝑝𝑖 𝑝𝑗 ) 𝐿𝑘 𝐹𝑘
𝑘
∑ 𝐿𝑘 𝐹𝑘

Equation 4-3
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where, 𝐿𝑘 is the length of the kth fiber and 𝐹𝑘 is a weight function.
𝜃𝑘 ≠ 90°:
𝐹𝑘 =

1
𝐿𝑘 cos 𝜃𝑘

(5.30)

𝜃𝑘 = 90°:
𝐹𝑘 =

1
𝑑𝑘

where 𝑑𝑘 is the diameter of the kth fiber. A weight fraction 𝐹𝑘 is required to correct for the fact
that it is more likely for a fiber to intersect the sectioning plane when it is normal to the plane than
for a fiber that is oriented parallel to it. In particular, 𝐹𝑘 describes the projected height of the fiber
along the axis normal to the cutting plane.
From the presented fiber orientation measurements of the 2500 fibers, the length of each individual
fiber was not available. Therefore, the number average length 𝐿𝑛 = 200 𝜇m was assumed instead
to represent the length of the average fiber. The resulting diagonal components of the second order
orientation tensor 𝑎𝑖𝑗 indicating the fiber orientations in the three different directions are
summarized in Table 4-2.

Table 4-2: Resulting fiber orientation tensor components for the three directions
Component

Value (3 mm nozzle)

Value (4 mm nozzle)

𝑎11

0.7623

0.5223

𝑎22

0.1786

0.3696

𝑎33

0.0591

0.1081

This indicates that the assumption for the simulation model with highly collimated printing
direction alignment does not hold true for a larger nozzle. From the micrograph we can see that
there is a clearly defined shell-core structure for the 4 mm bead. The fibers in the shell region show
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higher degree of alignment to the print direction. The fibers in the core region are oriented in a 3D
random order. This will lead to the printed mold behaving in a different way with respect to the
evolution of residual stresses and deformation.
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5. SIMULATION VALIDATION EXERCISE

Since the service cylinder could not be used to make a part as designed, a validation exercise for
the simulation tools was carried out using a simple aircraft stiffener geometry. The compensated
tool shape was obtained using similar approach as described earlier in this study. Two tools were
made with machined nominal surface and machined tool compensated surface on part printed out
of Celstran© PPS-CF50-01. A third tool was made out of Techmer Electrafil© XT1 3DP PPS and
machined tool compensated surface. All the three tools were printed using the 3 mm nozzle. Parts
were made using a plain weave pre-preg for two curing conditions of 250 °F and 350 °F. Figure
5.1 shows the tool used. The tool surface was coated with a Teflon release film.

Figure 5.1 Stringer Tool Geometry
Figure 5.2 shows the parts made from these tools. The parts were scanned using FARO ScanArm©
with the software CamMeasure 10.7© and the surface reconstruction and deviation analysis was
done using the software GeoMagic Wrap©.
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Figure 5.2 Parts Manufactured for Stringer Geometry Validation Exercise
The scanned surface of the parts were compared to the CAD design for the actual geometry desired.
The results are presented in the Figure 5.3.
Figure 5.3 Stringer Tool LASER Scan Comparison
250 °F Cure Cycle

Nominal Tool Shape

Compensated Tool Shape
printed with Celstran©
PPS-CF50-01

Compensated Tool Shape
printed with Techmer
Electrafil© XT1 3DP PPS
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350 °F Cure Cycle

Compensated Tool Shape
printed with Celstran© PPSCF50-01

Compensated Tool Shape
printed with Techmer
Electrafil© XT1 3DP PPS

The results show that for the 250°F cure cycle the part made out of compensated tool shape printed
with Celstran© PPS-CF50-01 material conforms the best with the actual part design. The parts
with a 350 °F cure cycle compensated tool shape printed with Celstran© PPS-CF50-01 conforms
better than the compensated tool shape printed with Techmer Electrafil© XT1 3DP PPS.
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6. DISCUSSION, CONCLUSION AND FUTURE WORK

The material characterization for the simulation tool is important for determining the compensated
tool geometry. As reported in this study, the fiber orientation shows a drastic change when using
a larger nozzle for EDAM. The lower alignment of the fibers along the printing direction will lead
to higher CTE 𝛼11 thus the assumption of a constant CTE 𝛼11 does not hold true and a
thermoviscoelastic approach for defining the shrinkage along the print direction needs to be
applied to the simulation. The current simulation model assumes a thermoelastic material behavior
in the printing direction.
One of the challenges is to minimize the stress build up in the part when printing large geometries.
This is achieved by using minimal infill and thus faster layer print time. This build up often causes
the part to warp on the printing bed thus deboning while the print is happening.
The Techmer Electrafil© PPS exhibited inter layer cracking due to higher stress development in
the part. This study presents the results of the effect of higher crystallization shrinkage on the
residual stresses of the printed part. Amongst other things, molecular weight distribution of the
polymer chains determines the amount of crystallization that occurs as the polymer melt cools
down.
The simulation tool is not ideal for handling large print geometries. The simulation is
computationally not feasible for large print shapes and some approximations need to be made. The
study of the critical parameters and future simplification to the simulation model without
compromising the accuracy of the tool compensation needs to be studied.
The draping of prepreg laminate is better with a woven fabric prepreg. Thus for the future iterations
and parts for the Pixel Detector Project a woven fabric prepreg will be used.
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The characterization of the CTE for a part printed with a larger nozzle diameter is being done. The
CTE description using micromechanical models and fiber orientation tensor is being studied. The
aim of this study is to input the material properties as a function of the printing parameters used.
This will enable easy adaptation of the simulation code for various materials as well as print
conditions.
For machining the tool surface one of the important tasks is to translate the coordinate system from
the CAMRI system to the CNC machine. This is being achieved by building a sub-assembly as
illustrated in the Figure 6.1

Figure 6.1 Illustration of Coordinate Location System for CAMRI
In the next phase of the Pixel Detector Project, CMSC will be building a complete 2.7 m long
printed tool for a composite layup oven cure part. The tool is illustrated in the Figure 6.2. For this
a draping analysis is being done in PanFORM© for the draping of a plain weave pre-preg. The
tool will be made in 8 parts as illustrated and then assembled. Investigations are being done for
printing the tool out of amorphous material like polyethersulfone (PESU).
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Figure 6.2 Prototype II for Forward Pixel Detector
This prototype II will help in the understanding of the effects of large print geometries on the stress
distributions, printability and the deformation of the printed parts. The effect of printing with even
larger nozzle like 6 mm introduces complete change in fiber orientation at the bead level thus
creating new challenges for material characterizations for the simulation tool. The size effects on
the thermovisco-elastic behavior will be studied in this prototyping phase.
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